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ABSTRACT
A Framework foBIM ModelBased Construction Cost Estimation
Michael Thomas Clark

Thisthesispresents framework to conduct a gutity takeoff (QTO) and cost
estimatewithin theBuilding Information Modeling (BIM) Environment he product of
this framework is anodelbased cost estimag tool The framework addresses the cost
uncertaintyassociated with the detailed informatidgining BIM modelelement
properties. Thigost uncertaintys due to the lack of available tools that address detailed
QTO and cost estimation usisglelya BIM platform. In addition, cost estimators have
little experience ieveragingandmanagng information within semanticich BIM
models.Unmanaged BIM elenm¢ parameterare considered a source of uncertaintgt in
modetbasedcost estimate, therefore they shouldemagedind quantifiecaswork
items

A modetbased system, which assists the estinsatmconduct a QTO and cost
estimate within the BIM envirament, is developed. This system harnesses BIM element
parameters to drive work items associated
also captures the cost of scope not modeled inthegles t eamés BI M model s
consists ofour modulesl) establishing estimate requireme@splanning and
structuring the estimat8) quantification and costingnd 4) modebased historical cost
data collectionThe complete systegan produce projectcost estimatbdased on the 3D
BIM Model.

This franework is supported by a computation engine built withiexasting
virtual design and construction (VDC) model review softwale computation engine
supports BIM authoring and reviewing BIMdal he Fr amewor ké6s quant.i
costing modulevascompared to existing methods in a case study. The ougohtlee
modetbased system demonstrated improved cost estimate accuracy in comparison to the
BIM QTO methodand improved speed compared te traditional methasl The
frameworkprovidesa systematiavorkflow for conducting a detailed cost estimate
leveraging the parameters stored in the BIM maodels

Keywords:BIM, VDC, QTO, Construction Cost Estimatiohutomation in Constructign
ModelBaseal Construction Cost Estimation
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1. INTRODUCTION

1.1Background

BIM is acomputerbasedprocess of communicating desigient. BIMis
becominghe platformfor the management of thentireconstructiorproject lifecycle
VDC is the use of models provided by different progtekeholders to pursue
constructiorobjectives] t 6s | mportant to note that VDC
employing information in projeatelated decision making. Successful VDC involves
visuaization and analysis of the model to produce densilhe zenith oBIM and
VDC is the return of the mastbuilder concept. Not to an individual, butdoe locus of
control for the entire projecThe BIM model presents elements that spatially organize
the projectos i nf or mdtddlan and exdchie censtructibno r mat i o
operations using VDC. Proper i mplementatio
suite of informations wholly accessible within the BIM modélhe BIM model then
becomes the singular locus of control for the ergmestruction project.

Many project variables, including the p
the parameters stored in BIM elemenise core principle guiding the proposed medel
based cost est i maadstiestigatefinfoanati@meold ekist that is i
inaacessible from, or blind to, the r o j BIM madiles. When this principle is
followed, all the cost estimateork itemsshould be driven bthe parameters die BIM
model el ements. Any design cdrssshogles t o t he
automaticallybe available to theostestimate work itemsThereby theBIM model
environmentbeconsd he | ocus of control .Themrtroaghpr oj ec

VDC, constructiorcost datas collectedin the context of the BIM environent



1.2 Problem Statement

The existing body of knowledge lacks a concise frameworkdostructiorncost
estimationusing BIM. Current popular BIMcostestimatingcomputatiorplatformslack a
pure BIM modetbasedmethodand instead rely on quantity exttian. While these
platformsincreasespeed and efficiency in the quantification procésis is achieved
with a lossof accuracy. Theurrentcomputation platformextract parameters from BIM
elementsnstead of compl@tg the cosestimate within the spial context of BIM This
extraction leads tapartiallossoft he esti mator 6s ability to c
thearrangement of theD modelelemento n  t h e p t Thig lesss détimertab s t
to the spatl contextBIM provides,andconseqgently the accuracyof thecostestimate

Aside from a loss of accuracy, this data extraction also redleefficiency of
the cost estimating process. Sitige existing toolsely on more tha®BIM elements
estimatos at timesmanually author additiohgeometric shapes to host parameters that
are not provided in the BIM model. This authoring is not parametric, it will not update
when adesignchangepsr oposed i n t he Tdhess mahoaidefined Bl M m
QTO conditions are not BIM elemenendtherefore cannot store additional information
or be communicated to other stakehold&hés QTO authoring introduces measurement
error and is notlirectly useful to other project stakeholdeféie current bdy of
knowledge employs computation systems thrader develophe potentiakfficiency
increase ofisingBIM elements in cost estimation.

The main limitation within the existing body of knowledg¢heabsence oén
easy to use framework for capturialljparameters that affect tiper 0 | % withis

the BIM modelbased environmenin current practices, some parameters are manually



authored a®QTO conditionswhile other granular parameters are mis3dus limitation
should be addressed by impnogithe capabilities of cost estimation from witla BIM
environment Such an improvemenepars from the school of thought that relies on
guantity extraction for cost estimatidmprovements should increase both the quality

and quantity of geometric amdst estimate information availagthin BIM.

1.3 Research Objectives
The objective of thishesisis to develom framework tacomplete a construction
costestimateentirely within BIM. An accuratecostestimatemust take into consideration
all variables andonstraints where the quantity is ingalithin the project This cannot
be accomplished with a quantity extraction, the mdadesled cost estimatequires the
spatial context that is provided by BINlhe gpoposed framework is intended to capture
all costs.To achieve this main objective, tf@lowing subobjectives are carried out:
1. Conduct nterviews with cost estimating professionals.
2. Complete aiteraturereviewthat sufficiently analyzes BIM, VDC, and
other influences on BIM modddased construction cost estimation
3. Prepare a succinct nietdology that lays out a roadmap for the medel
based cost estimation framework.
4. Develop a Frameworfor modetbased cost estimatidhat incorporates
these four sequéal modules:
0 Module 1:Establish cost estimate requirements.
0 Module 2: Plan and struateithe cost estimate.
0 Module 3:Conduct quantification and costing.

0 Module 4: Refine historical cost data from within BIM



5. Complete a case study to evaluate the prapbsenework against the
existing body of knowledge.
1.4 Thesis Organization
This thesidbegins with a literature revie(Chapter 2Yhatdevelops the eight

limitationsin detail These limitations are analydén the methodology (Chapt8}. The
methodology outlines th@evelopmenprocess of the thesighis process is pursued to
create aramework for modebased cost estimation (Chapter 4). This framework is
testedagainst twaothercostestimate method® create aase studgomparisor(Chaper

5). The conclusion examines results and identifies any prevailing limitations (Chapter 6).



2.LITERATURE REVIEW

2.1 Overview

Through a detailed literature reviewjg chapter buildanunderstanding ahe
limitationsin theconstruction industrwhich hinde adoption ofparametridBIM model
basedconstructiorcost estimationThis literaturereview analyze8IM and VDC, cost
estimation, contract structures, construction phase cost control, and the industrial

manufacturing industryodés successful adopti

2.2 Introduction to BIM

This sectiordefinesBIM andVDC. It exploresthe increasing involvement of the
general contractan thedesignprocessand examines how BIM and VDC have enabled
increased participation by the construction contractor in the design probesstual
mechanics antunctionality of BIM and VIC are further explored in Sections 2.5

through 2.7.

2.2.1 Definition of BIM

BIM is a 3Dmodetbasedprocess of representing design intent in building
constructionThe modelsontaindata representintpe physical and functional
characteristicef the poject This data isassociated withliscretedigital elements
contained in the moddBIM has grown in popularity asastruction projectbecome
increasingly complexAutodesk, 2018)It is a system that clearbommunicates
d e si g n e.Cléas communieatiollows many stakeholdert® coordinateand
improvethe productivity of constructionClear communicatioof design intenthrough

BIM promises to improve productivity in constructi@rurner and Townsend, 2018)



BIM toolsinclude a litany osoftware platforra allowing the combinationof
di fferent s tinakpatalehvidkoemedBIMdradelds built of 3D
elementsTheyare discrete objects, each of which has a uniqueifiderknown as an
object 1| D. Uni g uMuserdtg ciearlgelettaDnd se lad meorwt .B1Obj e c
are also a tool for referencing relationship®therobjects Parameters of model
elements stre chta These parameters allow stakeholders to concateinformation.
So,BIM is a form of spatial organizatiomith a litany of software interpretations
(ADEB-VBA, 2015) Since BIM can host so much data, one interesterirttustry is
building cost estimate information intieet definition of BIM elements. HoweveB]M is
not presently popular for use in cost estimatlaora 2010 survey,patial design
coordination was the most common téskeverageBIM. Spatial designaordination
all ows project toe adengify where muttiglenadel élementsa s h e s
occupy the same 3D spa€dash detection involves 3D data, which BIM visually
represents. Meanwhil&he costis an additional dimension of dafehis additional
dimension is currently not well interpreted througMBThis is in part why ost
estimation rankeéburteenthof twenty-five optionsin the survey of BIM use@reider,

Messner, &ubler, 2010)

2.2.2 Definition of VDC
VDC is the use ofmodels provided by different project stakéders to
pursue objectives. | t 6 gerbimegpiogritiséhaedctot o not e
employing information irprojectrelateddecision m&ing. Successful/DC involves
visualizationand analysief the combined modeb produce decision®rodicing these

visualizatiors requires @roductorganizatioaprocessnodel An organizational model



identifies various stakeholders in an organizational breakdown stryCtBf&). This is

effectively a list of all parties who qualify as project stakeholdérs.process model is

the work breakdown structuf@/BS), or the sequential activities requiredctumplete

the work. Since BIM elements can hold additional parameters, they can store data
regarding the el ement 6s ($tanford Engioeared)20p8) t o t h

BIM is one of the thresubmodelswithin the product-organizatiorprocess
model It represents the finished product as intended by the designTeam.
organization and process models encompass the eleant®nstruct the modelShe
construction teamevaluateghe desigrintent and appliemeans andnethods to
physically producéhe modelVDC digitally communicatethe organization and process
component®f a project VDC synthesizes the informationpwadt ed by a desi gne
with the peoplend processsrequired to complete the projg€hen, John, & Cox,

2018)

EmployingVDC adds fluidity to the construction processce t is no longer
compl et ed i n-bidb siclr & @ SpsciflmsplEgntgaatorsncluding
HVAC-R and plumbing adopted VDC tndreasere-fabricationof piping and
ventilation assemhids Thereby theycan employower wagehigher productivity labor
to produce products offsitghich increaseprofitability. However, these subtontractors
experience cost overruns in the actual enpéntation of VDCSpecifically, when design
changes are made, these trades mpsbdeice the VD®lans fortheir prefabricated
componentsThecost overrun was a pradt of theadditional effortrequired toupdate
themodel(Said & Reginato, 2018Modeklbased cost estimation could reduce the cost of

evaluating design changé3orhani, Dossick, Lee, & Osburn, 2017)



2.2.3 BIM and Construction Cost Estimating

BIM cost estimatioshould requirestimatorgo spend less time on QTO and
data manipulatioandallow more time assessirgalitative components of the cost
estimateFigurel quantitvely depicts the improvemenusing Autodesk ReviQTO
consumes over hal fltisaprocessof meaguiingexistiog data, sot i me .
QTO alone does not add value to a projsidel-based cost estimatioffards more

time fortheestimatorto add value to a projeetith original though{Hall, 2018)

time [minutes]
Category Contents Manual Revit
Table of rooms Floor and ceiling composition 40 20
Foundations Pads, belts, slabs 125 20
Construction phase Walls, pillars, girders 420 10
Vertical constructions Masonry, isolation 450 30
Wall surface Plasters, paints 330 20
Ceiling composition Ceiling composition 20 15
Floor composition Floor composition 40 15
Wall composition Wall composition 100 20
Facade Facade 240 20
Roof composition Roof composition 20 5
Balcony composition Balcony composition 50 15
Groundwork Excavations, embankments, removal 120 -
Staircases Staircases 60
Other construction and work | Cleaning, shining, covering 70 20
Tables for take-offs - 130
Total 2085 340

Figure 1 QTO Time Savings with BIM (Olsen & Taylor, 2017)

Figure 1 does not depict the categorical losscotimcy in BIM QTO. Therefore,
the use oBIM in cost estimatiofs currentlylimited to conceptual estimatest early
projectstage, large contingencies account for uncerta{®dhCE RP 17R97, 2011)
The uncertaintyand accompanying contingeneytigate the effectof BIM model
inaccuracie®r omission®n theestimate Detailed estimates are not performesing
BIM todaysince m consistenframework existdecause BIM is not conditioned to

represent a cost estiregBorhani, et al 2017)



The framework des not exispartially because the existing software tools are
insufficient.BIM -basedQTO does not capture enough detail to accurastiynatea
projectity i el ds a bi I | of materials without any
cont r ac itienrofG@he watke Gonstruction estimators are interested in identifying
the scope of workSOW). The SOW involves quantities, as well as people and gsese
required to complete the woftanford Engineering, 2018) systemof modetbased
estimation must allow estimators to capture these other parameters and associate them
with the model generated quantiti€srimble Navigation Limited, 2014)

BIM6 sstimatingallure is in itsstructure of storig data It allowsautomation in
the tkeoff processSpecifically, the organization and unique identification of model
elements. Model elements are categorinea hierarchical structudey; 1) category, 2)
family, 3)type and 4)the elementA BIM-bas& QTO can select all instancestire
model by any othese hierarchical step&.categorical breakdowim this fashioncan
helpestimatorsselect all theelementsn a modelassociated with a specific quantityhe
model hierarchy matches the structafehe estimateBIM is effectively a system for
spatally organizing a cost estimaf&olaszewska & Salamak, 2017)

224vDCand the Contractorés Participation

In 2007, it was noted th&lM technology promisesorstruction teamsghe ability
to simulate building constructioithe teamsvho employ VDC cargain a competitive
advantage bgimulatng certain complicated activities within a projeStmulation of
theseactivitiesreduces the risk of changes in fledd. Thistrend isincreasing

exponentiallfAGCA, 2007)



Since 2007the number oéctivities ateam carsimulatehas increased his trend
started withhigh-risk activities.An example isnechanical, electrical, and plumbing
(MEP) coordination Specifically,in renovations of existing structurekhis coordination
involves multiple systems which must occupy the same limited interstitial spaces of
buildings Those limited spaces are confined by the existing struditilten coordination
is inadequataylEP systens must be resizezhusing cost and schedule delays
(Farnsworth, Beveridge, Miller, & Christofferson, 20MD)C allows teams to avoid
these cost and schedule delays

VDC is a toolfor theteamto controlconstruction risks dung designMEP
coordination is one small subset of risks endune a project. Worker safety and even
variations in labor productivity are riskisat VDC is used tay toassessThe general
contractoraultimately decide ifa projectwill use BIM since thg are the link between
designer and owner during design, construction, and commissiégningl e si gn t e a mo ¢
model is onlyaluableto the owner if the model was referenced and updated during
constructionGeneral contractor@re increaingly adopting BIM thereby influencing the
other project stakeholdets adopt BIM as wel{Ghaffarianhoseini, et al., 2017)

VDC involves the synthesis of BIM models with external dataptimize the
results of a projec BIM model represents éfinishedproducts i nce i1t és wused
communicate design intent. This leaves the model absent of many social and technical
methods necessary to achieve the finished product. VDC adds a broader scope to
modeling. It incorporates the desigment butincludes the means anden motivations

for achieving that finished produdtDC is pertinent tanodetbasedcostestimation
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sincethecost is driven byhe product, organization, and process mo¢idsn, Song, &

Senaratna, 2016)

2.3 Construction Cog Estimation

This sectiorreviews current methods obst estimatinin construction. Acost
estimate is an establishment of the most probable cost for a pidgjeqbroject must
have a defined scopkn construction, this scopetigpically delineated # the drawings
and specificationfAACE RP 10$90, 2015) It is important to note that the construction
cost estimate is a linear representation of a dynaysiem Managing a cost estimate
means managing the influenaas thedynamicsystem(Alzraiee, 2013)

2.3.1 Cost Estimate Use

There are multiplstakeholders whase construction cost estimates, and each
seeks different information from the repdrhe interest in information also varies with
the stagef an estimateThe three discrete stages include; 1) cost planning, 2) estimating,
and 3) tenderingCost plannig helps stakeholders establish a budgstimating inforns
thedesignteam to make desigrthangedo keep theproject onbudget.Finally, tendering
is employed by theonstruction teanotestablish &irm price (Brook, 2017)

2.3.2 AACECostEstimating Standards

The Association for the Advancement of Cost Enginegd#gCE) is an
organization that influences standiaation in cost estimation. These standards help
increase cost estimate reliabiliy selection of standards thareprevalent in the context
of BIM modelbased cost estimatiagpresentedn this subsection.These standards

influence cost estimatelrability and repeatability.
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The AACE outlines prescriptive requirements for the skills and knowledge of cost
estimators. This comprehensive list incorporates most characteristics required to
complete an accurate estimate. Since these characteristice@successful estimates,
theycan guide thelevelopmenof estimation software. The main skills and knowledge
that translate to development of software that facilitates ruatiedd cost estimation
includes; 1) clearly identified supporting knowledgsjch constitutes all the
background data that may be incorporated in a cost estif)aiaal cost
managemeiT CM), which is a structured map that explains each step in a cost estimate
and how that estimate figures into the project life cy®)eestimate @nning,identifies
the goal ofan estimate and devotes the appropriate resources towards achieving the goal.
and 4) performance assessnsgy@nerate supporting knowledge in the form of historical
data. Asuccessfuassessment guides future improvenwrdost estimate assumptioims
similar constructiorprojects(AACE RP 19R97, 2012)

The AACE provides a comprehensive list of terms relevant to the cost estimating
professionThe Actual Cost of Work Performed(ACWP) s the cost an estimai®
intended tqoroject. It consists of althedollars spento complet an activity. Sqg, in
comparison to theostestimate, a contractor profits when ACWP is less than or equal to
theestmated costfor that activity.The construction cost estimatgjb is toprojectthe
ACWP. The construction cost estimate ascertains the ACWZE RP10S90, 2015)

The reliability of this projection depends in part upon the completeness of the drawings
used in the cost estimafehe AACE categorizes estimates based on their class. Each
classconsiders how well the plans define the SOWMdlso considers the method used to

produce theestimate The goal of categorization is to establish an expected accuracy

12



range.Changing the method of estimation could increageexpectedccuracyange

(AACE RP 17R97, 2011)

Ch::::tz::s tic Secondary Characteristic
MATURITY LEVEL EXPECTED OREPARATION
ACCURACY
OF PROJECT
END USAGE | METHODOLOGY RANGE EFFORT
DEFINITION ) ) N X
ESTIMATE CLASS Typical purpose of Typical estimating Typical +/- range Typical degree of
DELIVERABLES estimate method relative to index of 1 | effort relative to least
Expressed as % of (i.e. Class 1 estimate) costindex of 1
complete definition &l
Stochastic
Class 5 0% to 2% Screening or | (factors and/or 41020 1
feasibility models) or
judgment
C t stud Primaril
Class 4 1% to 15% oncept study or rimarty 3to 12 2to4
feasibility stochastic
Budget Mixed but
Class 3 10% to 40% authorization or primarily 2tob 3to10
control stochastic
Class 2 30% to 75% Control or Primarily 103 5t0 20
° bid/tender deterministic
Check estimat .
Class 1 65% to 100% ek ESIMATE | peterministic 1 100 100
or bid/tender

Notes:

[a] If the range index value of "1" represents +10/-5%, then an index value of 10 represents +100/-50%.

[b] If the cost index value of "1" represents 0.005% of project costs, then an index value of 100 represents 0.5%.

Figure 2 AACE Cost Estimate Classification SystenfAACE RP 17R-97, 2011)

The process of producing a cost estimate is outlined by the AR@i€ludes 7

steps ofdirect effort 1) establishing the estiate rguuirements based on the end user, 2)
planning the estimate based on the WBS and OB&stabplishing cost using the project
documents and external sourcékassess the risk produced by uncertainty, 5) document
the basis of estimate, 6) compare ¢lsémate tdistorical dataand7) deliver the

estimate to enterprise decisionmak@itss process is describedhigure3 (AACE RP

19R-97, 2003)
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(or Bid)

Figure 3 AACE Cost Estimate Process Diagram(AACE RP 19R-97, 2003)
2.3.3 TraditionalQTO andCostEstimating Method
The traditional estimating methoddsfined in this thesis as the use of 2D (paper
or PDF)drawingsfor QTO and Excel foprodudng the estimateThis is the most
common procedure used to proddetailedcostestimatesThe seven steps are described
in detail in the following list:

1. In the traditional method, stdpconsiss of communicatiorexternal to the
estimateEmail correspondence and meetings betvestimators and
desigrersguide the rquirements of the estimaft€his information is not
attached to theontract documenisr the costestimate.

In step2, the GC would review the plans and specifications to define the
entire SOWEstimatorsread the plans and specificatidnsvisualize

prgect requirementOnce visualized, the estimator can categorize each

requirement by WBS

14



3. During step3, the estimators(s) measure quantities and categorizelipem
the WBS.Measurements are made by drawing shapes on the 2D @lans t
capture lengths, areamd volumes of the worin-place(AACE RP 34R
05, 2014) The estimator manually assertetiexe eachandition
occurred and there is no link between the quantity and the corresponding
specification sectiofChen, Lu, Peng, Rowison, & Huang, 2015)

4. Instep 4,the estimatosss s ess t he e s tThemsottypeSef unc e
risk are @istemic knowledgebasedand aleatoryfioll of the dice (Der
Kiureghian, 2009)An example of epistemic risk isformation the
estimator does not have time &view in the contract documen#fs
aleatory risk isanuncertaintyin manually produced quantitiedistorical
averagaata is used tmitigateeach risKAACE RP 19R97, 2003)

5. In step 5, estimators pragsa basis of estimatBuring steps 14, the
estimator(s) take mental or physical notdsany unigue conditions or
possible external impacts on the projeGhey also produce a project
narrative. This qualitative information is combirtggically into aword
documen{AACE RP 1090, 2015)

6. During step 6, the estimators compare benchmarks to similar projects.
These benchmarks include price fleor areathe price per unit, or price
per occupantThey may drill into a specific WBS section to compare
berchmarks of that sectioExamples of this includ#e costof plumbing
peroccupant otheprice of air conditioning per building volum&he

purpose of this revie is to identify any significant variances with
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historical data. Then the estimators mustifyshe variance or correct
major mistakes.

7. The GC produces a cost report for other project stakeholti@ssreport
must be manually producéy manipulatinghe individual estimate line
items(Brook, 2017)

Estimators whaollaborate must manually coordinate scopes through
communication methods detached from the estimate i.e. email or physical meetings.
Upon completion,the st i mat or s must manually review e
entire SOW is captureekactly one. Work-sharing allows multiple BIM users to work
on the same file simultaneously. It has enabled improved collaboration and quicker
project delivery. The @rative nature of computers combined with the ability to easily
collaborate through workharing hasmproved the design proce@sutodesk, 2018)

BIM should be leveraged to do the same for construction cost estimation.

2.3.4Current BIM QTO Systems

This section examindgke currentbody of knowledge pertaining ®M QTO ard
its accompanying computation platforndl existing BIM cost estimating platforms rely
on information external to the BIM moddlhe models supplieldy the design team lack
Aconsi st eUpto half aftaddatafoy @TO may be absent from the Bliodel
(Olsen & Taylor, 2017)T he current BI M QTO systems atte
objectsstraightinto an estimate ledgécawrence, Pottinger, Statfrench, & Nepal,

2014) This mapping process inconsistent sindé@error-free classification is beyond
stat e oWué&Zhamg, 20L8)ndomodetbased cost estimation, there isehable

and repeatable method for producing a cost estimate from a BIM ntloglelurren
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systemsare not reliable or repeatalfl@orhani, et al., 2017)t is worth categorizinghe
BIM QTO systems as 2D/3D oD3only. A 3D system can only quantify what the design
team has authored in their BIM model. A 2D/3D system allows estimators tr auth
additional quantitiesA 2D/3D system can achieve greater estimating accuraeylding
more informatiorto the modein the form of QTO conditionéSattineni & Bradford,
2011)

Figure4 depictsthe surveypopularity of BIM softwardor all usesn industry.
This is the justificationfot h e | i t e r #fotus ondutodeskAssembedand
Navisworksfor BIM-based cost estimatioAs seen irFigure4, 24 softwarelatforms

were used by at least one professional in this study for BIM applications.

Number of Respondents

O B~ 00D

Tekla

Revit

Revizto
Solibri
Lumion
ReCap
Cyclone
ICON
MicroStation
YouBImM
Synchro
Oculus Rift
BIM 260 Field

3ds Max
Vico
FARO Scene

AutoCAD
SketchUp
Bluebeam

Assemble

Navisworks
BIM 360 Glue

Point Layout

Figure 4 Software Popularity (Lawrence, et al., 2014)
Navisworks is groject review softwardt can reviewmodelsanddataproduced
by multiple stakeholers in a single aggregate mo@eilgure5). Navisworks can read
over 60 native file formatsoit is popular for its interoperabilityrhe native Navisworks

file is up to 80 percent smaller thdre sourceformats, this helps immeely withsharing
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andcollaboratonBecause of these characteristics,

d e t e cahdinat nost estimatiqibodds & Johnson, 2011)

EE(-45)-12(-45) : LEVEL 1 (90)

‘Show Takeoff | B2+ j ), change Analyss = | B Update «

1ol (H aate® s

Figure 5 Navisworks QTO of Spread Footings Highlighted Blue

Navisworks is nopopularfor cost estimationit is notBIM authoring software
meaning the object parameters in Navisworks are strictly produced by the native software
and original authofThe accuracy of extractewst estimat@arameterslepends othe
modeling standarddictated by the design teaionteiro& Martins, 2013) Figure5
depictsthe designeauthored length, width, and thickngerameteren the QTQ In
order toproduce a&completeQTO, any gaps in the SOWust be manually taken off &n
2D view. This processncorporates 2D QTsimilarto thetraditionalmethod.

Assemble is the most us8® BIM QTO softwarepackaggOlsen & Taylor,

2017). It readsBIM model elementslirectly from the nativeRevitfil e (Figure6).
Interoperability is limited since it can only read from sofgodeskformats However,

the user intedce is simple to usand the platform is webased both characteristics
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make it poplar for QTO.It enablesconditioning andjueryingBIM data toother
estimating platforms by way @fCSV export(Autodesk, 2018)This platform is more
limited by gaps irthe SOW.There ae no features allowg authoringof additional
elements. So, it is typically not used at the-teiddering phasef cost estimation. At this
phase, the AACE cost estimate class is low, meaninghbatcceptable cost
contingencies are lovilrhis means tha bidtender cost estimate should more closely
project the ACWP for the project.

= Kane Quantiy Uni

S RSO HRTRICy RgLt

e L
Figure 6 Assemble QTO of Masonry Walls Highlighted Blue

The fact thahssemble is limited to reading from Rewitreasess accuracyy
rigid mappingin comparison to other BIM QTO platformSince Revit has a distinct data
structure, the mapping between Revit and Assemble is fixeztefore, there are no data
losses whemformation is transferred from Revit to Assemilaese two do not
communicate using the IFC framework. They are both products administered by

Autodesk that use proprietatiata mapping.
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2.4 Construction Contracts

This section reviewsarious populacontract delivery methods employed in
constructiorto identify each delive y me imipactdid@nedetbasedestimation.The
type of construction contract dictates how and when BIM authoring is fuRdad. the
cost estimating perspective, it is preferaloleBIM funding to be provided early and by

the client.This funding stragy is favored by collaborative contract delivery methods.

2.4.1 Delivery Methods & Cost Estimation

In designbid-build, the owner establishes a contract whi# construction team.
This contractobligates thento provide the finished product for ithéid price.Cost
estimators in this delivery method establshidfor delivering the product per the plans
and specifications provided by the owifleernandezolis & Chugh, 2018 Meanwhile
in desigrbuild, the owner contractsith a single firm for design and construction
servicesThe cos$s and scope of thaesignrbuild contractare determined by theam
with aguaranteednax price(GMP). A GMP limits the financial risk of the owner but
provides flexibility to the project delery team A fixed price bid would require 100%
complete desigdocumentswhich are not availabi@Burnham & Nagata, 2016)

Bridging is a blend of the two previous approaches and involvesdparate
design entitiesThe frst team is hired by the owner to produce bridging documengs. Th
seconddesign teanis hired by theconstruction tearm the same fashion aslasign
build contract.The owner can dictate quality or functionality through the bridging
documents while theonstruction teancan adapt those documents for constructability.
Then theyproduce the final plans and model which tfieglly build. This blend offers

theflexibility of designbuild while the product is defined by the owiieernandezSolis
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& Chugh, 2018)In this method, the cost estimate is a blend of both parties too. The
owner establishes a preliminary budget with the bridging docrteenestimators

project tke price to deliver the projettteir team designe@urnham & Nagata, 2016)

2.4.2 Warranted Model Accuracy

In designbid-build, the plans and specifications constitute the entire scope of
work Model s are provided nfasanomissibndroomitzet i on pur
model could b argued as a limitation to the SOModelbasedcostestimation in
designbid-build would be completely driven by tle®nstruction team whaould also
have to producthe model from 2D drawingsnd compensate for that cost in the. bid
This repetitive proess still saved time in controlling cost during construct8mmodet
basedestimation in desigibid-build is possible(Zhao & Wang, 2014)out the additional
cost is a great loss if the bid is not won

In designbuild, nomodelis provided by the owneilheteamdictates the design
and BIM authoringequirements tgtakeholdersOne requirema is a BIM model level
of detail that is enough to produceastestimate Theteamis compensated to produce
the designso theycaninvest resources imodetbasedcostestimation and be
compensated through design feesd by the ownefMheteamprodiwces andhusdictates
theBIMmodel 6s war r(AlNR00F. accuracy

Bridging produceswo separate document setse bridging documnts and
construction documents. This contract structure has the same warranted model accuracy
as desigrbuild. Theconstruction teamltimately governs the level of detail and quality

of construction documents and model. The owner ciuneimce this methd early by
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producing a detailed bridging model. Howev

defines the scope of wofkernandesolis & Chugh, 2018)

2.5 Complications inBIM for Model-BasedCost Estimation

ABIMmocklds purpose i s t owhickdoesast ent desi gn
communicateost by defaultThis section examindd | Mlangtations that negatively
impactits potential toproducereliablecostestimatesThe underlying theme is
inconsistena@s ininformationandsoftwaretools (Olsen & Taylor, 2017)

2.5.1 Ontology of Model Elements

The general termrdology is a component in the study of philosophy. It examines
the concept of what objects exist and their categorization. ltsgastertaining an
objective realityOntology in BIMis the term used to descritiee formal and explicit
specification oimodel elementdt seeks to rigidly categorize BIM elements by their
family, category, type, and ultimately cost. An ontology duatsallow modifications of
BIM element definitions by the design teafnsuccessful ontology requires a singular
library of nodel elements which is accessible to all who use the soft®atml, 2008)
An ontologyalso requireshat modifications to a model element do not change its
definition. Any stakeholder who has access to a model can producel@ element.
Therefore, any stakeholder with model access can modify the parameters and the
resultingmeaning of a model elemefithis introduces uncertainty in the definitions of
model elementsAn ontology is meant to eliminate subjectivity in the s of
estimating Figure7 depicts the underlying ontological framework BIM -basedcost

estimation ofite flooring (Lee, Kim, & Uy, 2014)
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Figure 7 Ontological Cost Estimation Framework(Lee, Kim, & Uy, 2014)

BIM cannot be compressed irdo ontology(Chen, John, & Cox, 2018)Vithout
an ontologythemodel base@stimating processiust involve manual categorization of
model elementsThe modetlbasedcostestimation process cannot be automated since the
designers do not have the intent of commating cost directlyMonteiro & Martins,
2013) Under the currenbbjectoriented domaina secondhierarcty mustbe produced
exclusivay for cost estimatingSince classes defined in different domains cannot share
parametershie cost estimate class must be produced by manual manipNitioam &
Karshenas, 2015The manuaprocesgloes not have to hedious Digital models
contain tools for manipulating data with much greater #ese 2D papedrawings
(Trimble Navigation Limited, 2014)

A philosophy more appropriate for BIM is creating a flexible mapping between a
d e s i gnodelraddscoststimationdata. This flexible map method still involves an
ontology, but itis developed on a project badtsach project team involves different
stakeholders, who ultimately communicate in varied fashions. The ontological definitions
shoud be set at the project lev@iranco, Mahdi, & Abaza, 2015yigure8 depictsan
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ontologicalmapproduced for a spread footingigure8 suggests there is a shared
ontologybetween theconstruction tearand designerdn this situation, the designers are
producing BIM nodels with the intent of communicating cost. Since they do not have
complete knowledge of how the contractor will complete the construction project, they
cannot fuly define the cost of constructioh.h e desi gner 6s main goal
communicate the degn intent of the construction projetheestimatorsan produce a

flexible map in the absence of a shared ontoldgknam & Karshenas2015)

The flexible map system does not eliminate input from estimagirae
autorrationor ontologywould. Instead, this tool gives estimators the efficiency to focus
their efforts on tasks more complicated than the quantity takeoff and orgamiaitost
estimate Flexible mapping uses a data structure that points estimator ingristing
objects in BIM. These pointers reuse the parameters of the BIM objects in the cost

estimatgLawrence, et al., 2014)
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Figure 8 BIM Knowledge-Base Onological Map (Niknam & Karshenas, 2015)

A flexible map affords estimators thefneworkto document subjectivity and

standardize it rather thaliminaing it in a rigid ontology An estimator requires months

of training on atomatedQTO software beforé yieldsan improvement in efficiency.

This growth in efficiency

Bradford, 2011)Meanwhile, a flexible map is sirtypa tool to docment the assumptions

i's mar r(®atinebi &

that veteran estimators already emp(dfu & Zhang, 2018)
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2.5.2 Model Level of Delopment

Thenodelgual i ty

is the

key i

of that standardlOD classificationis presented ifrigure9.

LEVEL of DEVELOPMENT

LOD 100

LOD 200 LOD 300

ndi cator
aspect of model quality is the detail to whalbmentsare representedhis is commonly
referred to as Levef Developmen{LOD). AIA Document E2032013 sets industry

standards for LO@Borrmann, Konig, Koch, & Beetz, 2018\ graphical representation

LOD 400 LOD 500

¥ j ; I"I
/ y f ]
] ] ’ !
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LOD is currently proportional to the level of effort a designer spends in

(Chen, et al., 2015)

Figure 9 Model LOD (McPhee, 2013)
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representing the work. S@ &chieve a high level of detail, design teams must devote
considerable modeling resources. This resource devotion is cost prohibitive to completing
a model that closely represents all activities in a project. Therefore, BIM efforts typically

focus on spefic high-risk activities which achieve high reward for lomodeling effort
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2.5.3 Interoperability of Software and Data

Interoperability is the exchange data between applications to avoid gataye
or recycling Interoperable datremains usable when transferred between programs.
Interoperability, strongly connected @nontology, is analogous to the structure of the
sentence, while ontology is the meaning of words in that sentenemperability leads
to increased collaborath amongst stakeholders who utilize various software phatfo
(Wu & Zhang, 2018)

The BIM user must consider interoperability when selecting software applications
(Azhar, 2011)Certainsoftwarecombinations will require macros, programs, or other
Al 5 0kt eaut@matically transcribe data from one data structure to the sottware
which requires this intermediate manipulatismeaklyinteroperabldWu & Zhang,
2018) The additionatesources spent to transcribe datduces stakeholder biry to
BIM-basedoroject managemeiia, Xiong, Olawumi, Dong, & Chan, 2018)

The ISOregistered industry foundation clas$esC) were introduced to improve
software interoperabilityThis data structe should producefa o fioema ny 0
information flow.The IFC allows parameters afnodelelement produced by one
stakeholder to be +imterpreted for use by othetdowever, this reénterpretation still
requires subjective humamput An IFC object repremting a wall could be drawn using
IfcWallStandardCase, IfcSlab, or Ifcbeamd visuallypresent the same resurhus,
successfulFC interoperability is also driven by an ontology. Those who model walls
must always use the correct IFC class to elimittsgeneed for rénterpretation The IFC
providesonly a data structurand not standardsn data within the structu®u &

Zhang, 2018)
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2.5.4 Data Recycling

Data recycling is a trenid the constructionindustry. It is the prcess of each
stakeholder taking information and transcribing it into their own lang(iigare10).
The current practice of manually parsing aotlating data in spreadsheets is an
enormous overhead to the indus®yncemultiple stakeholdermteractin construction

projects, data recycling is comm¢fulford & Standing, 2013)
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Figure 10 BIM Based Site Information Management(Lee, Park, & Song, 2@8)
Data recycling is detrimental because it increases error ameéféort that by
itself does not add value to a projéetlford & Standing, 2013Error is potentially
introducedat each manual data transactibntheabove example, both the architect and
engineer must manually transfer the current version file with the proper measurement
scale. This procesby itself does not add any value to the projéalein construction is
attainedthroughactivities that bringhe project closer to completi¢g@han, Scott, &

Chan, 2004)
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2.6 Costs External to the ModelElements

BIM can represent a host of data spatially by linkimag datao a3D element
within the BIM model Geometric parameteese automatically generated and stored in
BIM elements since they are requiteddefinethe 3Dmodel. These parameters also
partially define the quantities of work items in cost estimation. However, additional
information is required to complete the cestimateThis section examinasost
estimating informationthat is not stored in BIM elementatamaticallythat should be

considered to produce a reliabt®detbasedcostestimate

2.6.1 Means and Methods of Construction

Construction mearsnd methodsra activities enployedto complete the project
andnotan elemenbf the finished producSincetheyare notthedesignintent, they are
not documented in construction drawings or a s i ¢BiMemodekHowever, oth
design anactonstructiorare acts of ammunicationLobel, 2008) The GC completes
plansa plan to builddetails then confirms them through submittals or requests for
information(RFI). Thereby, model elements are mothoredsolelyby the designehe
GC employsxpert knowledgéo determineneans and methodkobel, 2008)

Defining the neans and methods constructiorinvolve a cognitive process of
understanding h e p rdesigneintentScaffolding is an examplef this, it is produced
from a cognitive understanding that workers must accesxtbaor of a multistory
building. BIM is employedo plan, design, and represent scaffoldifige BIM -based
approach allows other stakeholders to view, understand, and add input to nteans a

methods the construction team selects to build the prédimt Cho, & Kim, 2018)
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This digital documentation allows graphical communicati@construction teams
cognitive understanding of the design intent.

A d e s bngtrudiabilityds driven by the means used to communhztigeen
design and constructiohe construction teans responsible for translating this
information into a series of logical proceduteproduce théinished productRF I 6 s and
submittalsareexamples oEommunicatinghis cognitive process. BIM introducesiew
platform to both produce andterpresRFI 6 s andRBubsmi atal a3 t ool t
uses when it cannot discern or produce the documented desigr(lLafest 2008)
Education overemphasizes the model authaasmect of BIM.There is a poor
conception that what can be modeled can be Quik.construction teanthat
successfully adapt BIM for their projecbBouldemphasize thpeople and process arms
of over technology and informatiomherefore, people whoden to translate mnodelto
into a physical producor produce means and methods of construcsimmordikely to
successfullyemployBIM (Chen, John, & Cox, 2018)

2.6.2Multiple Quantities Driven by an Element

A BIM element requires multiplework itemsto produceghemphysically.A wall
assembly containstuds, insulatioranddrywall. These items are physically separate but
are lumped int@ BIM model elementAs much agwenty-five percent othe total cost
is aresult of these inferred quantiti€@nemethod for addressing additional work items
is applying a waste factor or contingency. At the conceptual estimate level, contingencies
are high(AACE RP 17R97, 201). These high contingenciesnceal the effect of

missing information by appending a factor to the bill of quantifieese factors are
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organic and not quantitative, they are produced by a subjective understanding of the
model 6s (Qlsec & Tagor, 2017)

A moreaccurte approaclhior capturing additional work items drivinga
multitudefrom the same BIM element. lother cost estimatingystems, this requires the
guantityto be produed multiple timesUsing thestudwall assemblyexamplea separate
selection in the BIM model would be made to define studs, drywall, and insulBliisn
i s t hdonfianmmaynoy appr oach pWwe&zZhang) 20L8yTo simplfiyc u s s e d
this, standard assends are adopted. The new problenxsiandardization requires
adherence to a rigid definitiqghee, Kim, & Uy, 2014) These standarcbst estimating
assemblies are difficult to use in custom situatidnsore effective approaahnaps
multiple estimate line item® a singe BIM quantity(Figurell). The difference is each

component can be customized and the parameters driven by geometry in the BIM model

Figure 11 BIM -Based CostEstimation Employing Flexible Mapping (Lawrence, et al.,
2014)
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